Inflammatory demyelination and axon damage in the corpus callosum are prominent features of multiple sclerosis (MS) and may partially account for impaired performance on complex tasks. The objective of this article was to characterize quantitative callosal MRI abnormalities and their association with disability. In 69 participants with MS and 29 healthy volunteers, lesional and extralesional callosal MRI indices were estimated via diffusion tensor tractography. expanded disability status scale (EDSS) and MS functional composite (MSFC) scores were recorded in 53 of the participants with MS. All tested callosal MRI indices were diffusely abnormal in MS. EDSS score was correlated only with age (r = 0.51). Scores on the overall MSFC and its paced serial auditory addition test (PASAT) and 9-hole peg test components were correlated with callosal fractional anisotropy (r = 0.27, 0.35, and 0.31, respectively) and perpendicular diffusivity (r = À0.29, À0.30, and À0.31) but not with overall callosal volume or callosal lesion volume; the PASAT score was more weakly correlated with callosal magnetization-transfer ratio (r = 0.21). Anterior callosal abnormalities were associated with impaired PASAT performance and posterior abnormalities with slow performance on the 9-hole peg test. In conclusion, abnormalities in the corpus callosum can be assessed with quantitative MRI and are associated with cognitive and complex upper-extremity dysfunction in MS.
Introduction
The corpus callosum is the largest fiber tract in the brain, forms the major connection between the two cerebral hemispheres, and is involved in the performance of complex tasks. 1 It is abnormal in most cases of multiple sclerosis (MS), 2 where it has been shown to be involved in functions such as cognition and sensory integration. 3 Cognitive dysfunction in MS affects approximately 50% of patients 4 and is characterized by attention deficits, memory decline, slowed information processing, and impaired executive skills and visual-spatial abilities. Although highly relevant to patient well-being, cognitive deficits are often subtle, can fluctuate over time, and may be overlooked during routine clinical evaluation. Consequently, reliable surrogate markers of cognitive dysfunction are necessary both for routine care and as outcome measures in clinical trials. Compared with healthy volunteers, cognitively impaired individuals with MS have lower scores on the paced auditory serial addition test (PASAT), 5 a commonly used test of attention and working memory in MS. 6 Demyelinating lesions, diffuse tissue damage, and neural connectivity abnormalities within white matter have been related to cognitive decline in MS, and these findings are particularly prominent in the corpus callosum. [7] [8] [9] Although arm strength is relatively preserved in MS, 10 weakness can result from damage to motor tracts in the brain and spinal cord. Successful performance of the 9-hole peg test, which measures the time taken to fill and empty a pegboard with each hand, requires both strength and dexterity. Previous work has demonstrated that pathways connecting the supplementary motor areas, which traverse the central portion of the corpus callosum, may play a role. 11 From an imaging point of view, the corpus callosum is an excellent structure in which to evaluate injury to the normal appearing white matter: areas of white matter that do not harbor discrete lesions on conventional MRI but that are abnormal on quantitative imaging studies. 12, 13 This is due to high fiberorientation coherence and reasonably well-defined rostral and caudal borders, features that limit inadvertent mixing of different tissue types. Moreover, callosal atrophy correlates with functional impairment of interhemispheric transfer 14 and may reflect Wallerian degeneration due to remote tissue damage.
Diffusion tensor imaging (DTI) 15 has been widely used in MS and enables non-invasive evaluation of white matter in diseases in which myelin and/ or axon integrity is disrupted. 12, 13, [16] [17] [18] Indices derived from DTI are sensitive to macroscopic and microscopic tissue disruption and appear to have higher specificity for the more destructive aspects of MS pathology than conventional imaging. 19 DTI with fiber tractography 20 is a valuable technique for delineating the approximate anatomy of individual white matter tracts within the brain and works particularly well in highly coherent fiber bundles such as the corpus callosum. DTI can identify abnormal values of MRI indices in specific white-matter tracts that may underlie clinical disability in MS, and the integration of information derived from other imaging sequences (such as magnetization-transfer imaging, which is particularly sensitive to myelin integrity) can increase the pathologic specificity of those abnormalities. 21 This paper focuses on the association between callosal damage, assessed by quantitative MRI in a diverse MS cohort, and scores on standard disability scales including the Expanded Disability Status Scale (EDSS) 22 and multiple sclerosis functional composite (MSFC). 23 We expected to find that callosal damage is more strongly and specifically associated with tests of cognition and praxis than with more automatic behaviors such as walking.
Patients and methods

Cohort and setting
The study group consisted of 29 healthy volunteers and 69 participants with MS; demographics are provided in Table 1 . Participants with MS were recruited form the Johns Hopkins MS Center and healthy volunteers from a variety of sources. The diagnosis of MS was made by the treating physician according to the McDonald criteria, 24 and prospective participants were excluded if they had additional diagnoses that could confound MRI interpretation. MRI scans were performed at least once per year and more frequently in selected cases. We did not select participants based on therapy, and only a small fraction of the participants were undergoing relapses at the time of scanning. Study data were collected over a nearly 5- 
Standard protocol approvals, registrations, and patient consents
Written, informed consent was obtained from all participants. Protocols were approved by the Institutional Review Boards at the two study institutions.
Disability scores
All available data were used to compare the MS and healthy-volunteer groups. In a subset of 53 participants with MS, the MSFC, 23 consisting of the paced auditory serial-addition task, 3-second version (PASAT-3), a timed 25-foot walk, and a timed 9-hole peg test, and the EDSS 22 were performed within 30 days of several of the MRI scans (mean AE standard deviation: 1.3 AE 2.1 days). We used the protocol prescribed in the National Multiple Sclerosis Society's MSFC Administration and Scoring Manual 25 to administer the individual MSFC components and to calculate the final MSFC z-score based on the averages and standard deviations of test scores measured at baseline. By convention, the signs of the z-scores were assigned so that lower z-scores correspond to worse disability. On the PASAT-3, scores of 32 correct (out of 60 possible points) or less were taken as evidence of cognitive dysfunction. 26 (Although scores between 32 and 35 are considered abnormal in individuals with more than 12 years of education, data on education level were not available in our cohort, so we adopted the more conservative threshold.) Disability scores were not measured for healthy volunteers.
MRI
Details of our MRI acquisition protocol have been described previously. 27 Briefly, on a single 3-Tesla Philips Intera scanner, we obtained the following axial, whole-brain sequences using (for reception) either a six-channel head coil or the eight head elements of a 16- ; SENSE factor: 2; averages: 1). We coregistered the diffusion-weighted and magnetization-transfer scans to the minimally diffusion-weighted scan from the first DTI sequence using a rigid-body transformation implemented in the Automatic Image Registration program. 28 
Tract reconstruction
We used the DTI data and the fiber assignment by continuous tractography method 20 to reconstruct the central portion of the corpus callosum in each participant. Within DtiStudio, 29 regions of interest were placed over the corpus callosum in the midline and, in separate steps, at the right-and left-lateral borders of the lateral ventricles as visualized on sagittal and coronal reconstructions of the DTI color maps (Figure 1 ). Reconstructed tracts were terminated when fractional anisotropy (FA), an index of fiber-orientation coherence, 30 fell below 0.13, or when the turning angle from one voxel to the next was more than 30 . Note that this FA threshold is well below typical callosal FA values, even in participants with MS (see the Results section). Fibers that ran between the midline and either of the lateral borders were combined for further analysis.
Across the voxels that comprised the reconstructed corpus callosum, we measured callosal volume as well as median values of the following MRI indices: FA, mean diffusivity (MD), parallel diffusivity ( || ), perpendicular diffusivity ( ? ), and magnetization-transfer ratio (MTR). We also created spatially normalized tract profiles 21 to visualize the variation in each of these MRI indices as a function of normalized position along the tract. These calculations were performed with custom software written in Matlab (The Mathworks, Natick, MA).
Subdivision of the corpus callosum
We implemented a standard, semiautomated segmentation subdivision of the corpus callosum 31 that results in six distinct segments, the borders of which were drawn on the midsagittal plane: genu and rostrum (demarcated together), rostral midbody, anterior midbody, posterior midbody, isthmus, and splenium. We subdivided each of these segments into 20 equal subsegments to generate the spatially normalized tract profiles 21 and to assess the correlation between MRI abnormalities in each subdivision and disability scores.
Brain volume and whole-brain MRI indices
We used the DTI images to calculate supratentorial brain and cerebrospinal fluid volumes. To do this, we first removed the skull using the Brain Extraction Tool 32 (http://www.fmrib.ox.ac.uk/fsl/). We then used an affine transformation implemented in the Automatic Image Registration program 28 to register a volume consisting of the average of all diffusion-weighted images to the corresponding volume of a single-subject DTI atlas ('JHU_MNI_SS') that is available for download (http://www.mristudio.org). This atlas, which contains 1 mm isotropic voxels in a field-of-view of 181 mm Â 217 mm Â 181 mm, has been registered to the standard Montreal Neurological Institute-152 atlas. We then selected for analysis a standard portion of the brain between the mammillary bodies inferiorly and the centrum semiovale superiorly (coordinates 54 z 124) and removed a small section of the anterior frontal lobes (y 37) that was particularly susceptible to echo-planar-imaging-related distortion.
Cerebrospinal fluid segmentation was accomplished by selecting voxels with MD ! 1.7 mm 2 /ms. We used the resulting brain parenchymal and cerebrospinal fluid masks to calculate compartmental volumes and median values of the same MRI indices that were measured in the corpus callosum. Callosal volume fraction was defined as the ratio of callosal volume, derived from the tractography results, to the combined volume of brain parenchyma and cerebrospinal fluid in the selected portion of the brain.
Lesion segmentation
We used an automatic lesion-segmentation routine, Lesion-TOADS, to delineate the location of T2 lesions. 33 This algorithm uses both MPRAGE and FLAIR data and relies on both statistical and topological atlases to separate lesions from gray matter, white matter, and cerebrospinal fluid. In separate work, we have compared the performance of this algorithm to manual lesion segmentation by an neuroradiologist, with favorable results. 33 Here, we focused on lesions that overlapped the reconstructed corpus callosum, and as a measure of callosal lesion burden, we calculated the fraction of the reconstructed callosal volume that consisted of lesions. The extralesional portions of the corpus callosum were termed the normal-appearing corpus callosum (NACC).
Statistical analysis
Statistical calculations were performed in Stata 9.0 (Stata LP, College Station, TX). We performed two different types of analysis: (1) an analysis of the baseline data (one scan per participant) using fixed-effects regression models; and (2) an analysis of all data using mixed-effects regression models. The fixed-effects analysis is straightforward and produces regression coefficients and partial-correlation estimates to quantify the association between dependent and independent variables. However, it does not take advantage of all of the available data. The mixed-effects analysis, for which we used generalized least-squares random-effects models, accounts for the multiple observations per participant that we obtained and produces estimates of the within-and between-participant variation. 34 By using all available data, we obtain tighter interval estimates for the regression parameters. Note that the mixedeffects analysis does not require an equal number of observations per participant or that those observations be equally spaced in time.
To assess the significance of differences in MRI indices between the MS and healthy-volunteer groups, we used a multiple linear regression model that accounts for age and allows for a different relationship between MRI index and age for the two groups. Specifically, for the mixed-effects analysis, we fit the following model:
where y i,t is the MRI index for participant i at time t, the j are the regression coefficients, d i is the diagnosis (1 for MS, 0 for healthy volunteers), a i,0 is the age at baseline for participant i, a i,t is the age at time t for participant i, a 0 is the average age across the entire cohort at baseline, u i is a random intercept for participant i, and w i,t is the error term. For the fixed-effects model, we simply set 4 = u i = 0 and performed a standard regression. For both analyses, the p-value associated with 1 represents the statistical significance of the difference between the two groups' intercepts. The parameter 3 represents group differences in the relationship between cross-sectional age and MRI index. Note that the fixed-effects model only considers cross-sectional variation between the groups, whereas the mixed-effects model considers both cross-sectional ages and longitudinal aging (although only on a group level, as we did not fit a random slope). We considered the potential need for an interaction of diagnosis with the longitudinal aging term but omitted it in the interest of parsimony.
We used a two-stage procedure to assess the association of MRI indices with disability scores. First, we performed stepwise regressions, using only the baseline data, to search for MRI indices that were most strongly associated with disability scores. Variables that could enter the model included age, callosal volume fraction, callosal lesion fraction, and both whole-brain and callosal MRI indices. Sex was not included in the models as it did not play a significant role in a preliminary analysis (data not shown). We performed separate regressions for each combination of disability score and age/MRI indices, requiring a p-value of less than 0.1 for a variable to enter the model. As these stepwise regression models yielded either zero or one significantly associated covariate for each disability score, we assessed the strength of the associations by calculating univariate correlation coefficients and their significance with both fixed-effects (using the baseline data) and mixed-effects (using all available data) models.
For comparisons between the MS and healthyvolunteer groups and between lesional and extralesional MRI indices, we analyzed six different MRI indices (volume, FA, MD, || , ? , and MTR) and therefore set our threshold significance level to a Bonferronicorrected 0.008. For the correlational analysis, we tested five disability scores (EDSS, MSFC, 9-hole peg test, 25-foot walk, and PASAT-3), adopting, therefore, a threshold significance level of 0.01.
Results
Callosal reconstruction
Tractography typically yielded complete reconstructions of the central corpus callosum, including in many individuals with cognitive dysfunction (see Figure 1E , for example). In a minority of MS scans, however (typically those of individuals with more severe disability), but in none of the healthy-volunteer scans, small holes were evident in the reconstruction (14% of MS scans had one hole and 2% had two or more holes as in Figure 1D ). There were no scans in which tractography failed entirely.
Callosal and whole-brain MRI abnormalities
After adjusting for age differences between the MS and healthy-volunteer groups, MD and ? were found to be significantly (p < 0.008) increased in MS, and MTR significantly decreased, in both the whole brain and corpus callosum ( Table 2 ; nearly identical results were obtained when the analysis was restricted to the 53 MS cases for which disability scores were available, as shown in Table 3 ). Callosal FA was also significantly decreased in MS. Differences in whole-brain FA and || and callosal || , while present, did not quite reach the Bonferronicorrected threshold for statistical significance. As expected, the p-values derived from mixed-effects regression models, which used all available data, were lower than p-values derived from fixed-effects regression models, which used only the baseline data.
Differences in brain parenchymal fraction, which was lower in the MS group, did not reach significance after adjusting for age. However, callosal volume, normalized by the volume of the supratentorial intracranial cavity (brain parenchyma + cerebrospinal fluid), was significantly lower in MS. The regression coefficients in Equation (1) associated with baseline age ( 2 and 3 ) were not significantly different from zero for any of the callosal MRI indices examined, indicating that the influence of age differences between the MS and healthyvolunteer groups was dwarfed by the influence of the disease. However, the coefficient associated with baseline age was significant for models that assessed brain parenchymal fraction and whole-brain FA, partially explaining the lack of a significant difference for those indices.
Lesions versus NACC
Across the MS cohort, an average of only 1.4% of the reconstructed callosal volume consisted of T2 lesions (Table 2) . Generally, MRI indices were significantly more abnormal within lesions than within the NACC, with higher values of MD and ? and lower values of FA and MTR. An interesting exception was || , which was lower within MS lesions than in the NACC and lower even than || in the corpus callosum of healthy volunteers. Figure 2 shows average spatially normalized callosal tract profiles for the MS and healthy-volunteer cohorts, depicting the spatial variation in MRI indices along the corpus callosum. We used the 2 and 3 coefficients from Equation (1), derived from regressions of median callosal MRI indices, to adjust the values of these tract profiles to the mean age in our cohort Table 2 . Mean (standard deviation) of supratentorial-brain and callosal MRI indices. Differences between the healthy-volunteer and MS groups were assessed with both fixed-effects (using only the baseline data) and mixed-effects (using all available data) models, and p-values for both models are reported. As there were 6 comparisons per group, we considered p < 0.008 to denote significance. Differences between lesions and normal-appearing corpus callosum (NACC) were assessed using a two-tailed, paired t-test on the baseline data. Standard deviations were derived from the overall mixed-effects model and account for both across-and within-participant variability. Volume data are expressed as percentage of intracranial cavity (for supratentorial brain and whole corpus callosum) and percentage of callosal volume (for lesions and NACC (41.7 years), although these adjustments had only a small effect. The profiles demonstrate abnormalities in MS (black) compared with healthy volunteers (gray) for all MRI indices examined, and FA and MTR were associated with the largest differences between the two groups. The abnormalities were more prominent in the body and isthmus than in the rostrum, genu, and splenium.
Spatial variation of callosal MRI abnormalities
Correlation with disability scores
Eleven of the 53 participants with MS (21%) had cognitive dysfunction at baseline, defined by a PASAT-3 score of 32 or less. 26 There was no significant difference in age between these two groups (two-tailed t-test, p = 0.75), nor were there significant group differences in baseline MRI indices, normalized callosal volume, or callosal lesion fraction (p > 0.05 in all cases).
Correlations between raw callosal MRI indices and disability scores are presented in Table 4 . Higher EDSS scores were strongly associated with advanced age but not with whole-brain or callosal MRI indices (including normalized callosal volume and lesion fraction). On the other hand, the overall MSFC score and z-scores on two of the three MSFC components (the PASAT-3 and the 9-hole peg test) were significantly correlated with callosal MRI indices but not with age, whole-brain MRI indices, normalized callosal volume, or callosal lesion fraction. Note that the z-scores were constructed so that lower values correspond to greater disability, as specified in the MSFC Administration and Scoring Manual. 25 Figure 3A shows the association between baseline callosal FA and PASAT-3 score, with lower FA corresponding to worse performance on this task; there were no clear distinctions between the different MS subtypes. Figure 3B demonstrates that this association depended more on FA within the NACC than on FA within callosal lesions. Figure 3C shows that the anterior body and splenium of the corpus callosum contributed most strongly to the association between FA and PASAT-3, with smaller contributions from the rostrum, genu, and isthmus. For the association with 9-hole peg-test time, on the other hand, the isthmus and splenium contributed most strongly. There was no specific segment of the corpus callosum in which FA was associated with 25-foot walking time or EDSS.
Disability scores and callosal segments
Discussion
In this study, we have demonstrated significant abnormalities of MRI indices along the corpus Table 3 . Mean (standard deviation) of supratentorial-brain and callosal MRI indices for MS cases (n = 53) with associated disability measurements. All healthy-volunteer data were used. See the Table 2 callosum in MS. The specific associations between callosal abnormalities and disability, particularly PASAT-3 score and 9-hole peg test time, could not be explained by the extent of demyelinating lesions within the corpus callosum, callosal volume, or whole-brain MRI indices. Thus, quantitative, tract-specific MRI can capture some of the structural damage that is associated with complex disability in MS.
Callosal imaging abnormalities in MS
MRI indices were diffusely abnormal along the corpus callosum (Figure 2 ), even after accounting for differences in age between the MS and healthy-volunteer groups. Specifically, diffusivity (both mean and directional) was elevated, and both FA and MTR were decreased. Spatially normalized tract-profile analysis localized the most abnormal segments to the body and isthmus, with relative sparing of the rostrum and genu. These results are consistent with recent reports. 8, 35 As expected, we found that MRI abnormalities within callosal lesions were more pronounced than in the extralesional NACC. The one exception to this rule was parallel diffusivity ( || ), which we found to be significantly lower within MS lesions than in the NACC of Table 4 . Univariate correlation coefficients of disability scores with age and callosal MRI indices; in parentheses, the corresponding p-values for both fixed-effects (baseline data) and mixed-effects (all data) models. For the MSFC and its components, z-scores, constructed so that lower values correspond to greater disability, were used. As there were five disability scores tested, p < 0.01 for the mixed-effects model was taken to denote significance ( participants with MS and the normal corpus callosum of healthy volunteers. Parallel diffusivity is commonly decreased in animal models of MS, [36] [37] [38] [39] but human studies in chronic MS have generally demonstrated an elevation. 21, 40 However, a recent study reported decreased || in the optic nerves of individuals with acute optic neuritis who subsequently recovered poorly, suggesting that decreased || , when present, may relate to axon destruction. 16 Our finding of decreased lesional || may have the same interpretation, although understanding directional diffusivity in the setting of tissue destruction remains problematic. 41 Taken together, our results from both diffusionweighted and magnetization-transfer-weighted imaging suggest a multifocal and diffuse disorder affecting both axons and myelin in the MS corpus callosum.
Callosal imaging abnormalities and cognitive dysfunction
Callosal structural integrity has been linked to high-level tasks in various domains, including cognition. The PASAT-3 is sensitive to several aspects of cognition, including auditory information processing speed, attention, working memory, and calculation. 5 It is a component of both a standard MS global disability scale, the MSFC, 23 and of the minimal assessment of cognitive function in MS. 42 In relapsing-remitting MS, one study reported a negative correlation of PASAT-3 scores with callosal MD but no association with callosal T2 lesion volume, 43 and a follow-up study from the same group reported a positive correlation with callosal MTR. 44 In a recent statistical-parametric-mapping study of individuals with so-called benign MS, 45 PASAT-3 scores were significantly correlated with callosal T2 lesion volume, FA within callosal lesions and NACC, and MD in the NACC. In individuals with clinically isolated syndromes, decreased MTR in the splenium of the corpus callosum was associated with lower PASAT-3 scores. 46 Our study generally found weaker correlations than these other studies. The differences may in part be technical even with respect to the most similar studies, 43, 44 which also used DTI tractography to define the corpus callosum but which included more lateral portions of the tract than we did. In addition, we studied individuals with more advanced MS than any of the other studies, and it is possible that the relationship between callosal MRI abnormalities and cognitive dysfunction is different in this group.
Audoin et al. 47, 48 investigated the ways in which individuals with early MS and healthy volunteers use different cortical regions, particularly several areas in the bilateral frontal lobes, to perform the PASAT-3. They suggested that in some cases, functional plasticity could preserve cognitive performance in the face of damage to cortical areas, or to axons projecting from those areas, that are normally involved in performing the task. Such plasticity appeared to arise from a combination of white-matter structural changes and cortical functional reorganization and also appeared to involve connections to the thalamus. Our results indirectly support the notion that damage to the connections between gray-matter areas used to perform the PASAT-3 may be involved in this reorganization. Such damage is particularly prominent in the anterior body of the corpus callosum, which has been shown to project to some of the frontal areas and subcortical nuclei that are involved in task performance. 49 Involvement of the splenium, which primarily carries visual information, is more difficult to explain; one possibility is that individuals use an implicit visual representation to solve this task.
Callosal damage and non-cognitive dysfunction
Callosal damage in MS can also cause functional deficits outside of the realm of cognition. For example, people with MS perform poorly on a bimanual motor-coordination task that relies on interhemispheric communication via the corpus callosum.
3,50 Callosal DTI abnormalities, specifically decreased FA and increased MD, have been associated with poor performance on this task. 51 The results of our study, captured in Table 4 , demonstrate that callosal abnormalities are most strongly associated with PASAT-3 but that there is a similar association with 9-hole peg test time. Compared with other components of the MSFC, the 9-hole peg test more specifically involves pathways that connect the supplementary motor areas, which traverse the corpus callosum, and performance on that task has been associated with increased ? in those pathways. 11 We found that decreased FA and increased MD and ? were associated with impairments on this task, and that these abnormalities were most prominent in the isthmus and splenium, consistent with the multimodality (somatosensory, motor, and visual) nature of this task. Our localization is posterior to, but perhaps overlapping with, the segment that was previously found to be associated with task performance. 11 We found no correlations of callosal MRI indices with EDSS score and 25-foot walking time, and nearly all of the variation in EDSS that we could explain was due to age. The EDSS is the primary clinical outcome for evaluating MS in clinical trials, and it remains a useful tool for classifying MS patients according to disease severity. However, cognitive and non-cognitive impairment do not always develop in parallel in MS, and the EDSS is heavily weighted toward simple motor disability; therefore, the poor observed correlations with EDSS are not particularly surprising. Similarly, walking is a highly automatic function that may not require the corpus callosum.
Although significant, callosal abnormalities only accounted for a relatively small fraction of the variation in PASAT-3 performance, 9-hole peg-test time, and overall MSFC score, with absolute values of partial correlation coefficients ranging from 0.25 to 0.35. These tasks are mediated by many different regions in the brain and spinal cord, and it is perhaps surprising that a single area can have as large a contribution as we have demonstrated. Other reasons for the inability to find stronger associations include the limited sensitivity afforded by a small set of MRI indices and the intrinsically high within-participant variability of the disability scores.
Limitations
An important limitation of our study is the intrinsic variability of DTI-based tractography to reliably identify tracts in their entirety. In individuals with disease, tractography can lead to exclusion of some of the most affected fibers, thereby potentially reducing the correlation with disability. An example of this can be seen in Figure 1D , in which there are small holes in the reconstructed corpus callosum in an individual with cognitive dysfunction (although callosal reconstructions in many individuals with even more severe cognitive dysfunction were often complete; see, for example, Figure 1E ). We partially compensated for this possibility by selecting a low FA threshold in the tractography algorithm, and reconstructed tracts typically passed through the lesions rather than stopped at them: only a minority of callosal reconstructions (16%) contained small holes, and of these 88% contained a single hole. Recently, we demonstrated that an alternative, atlas-based approach to segmenting the corpus callosum yields MRI indices that are similarly correlated with disability scores in the same cohort, suggesting that the presence of these holes does not substantially affect the results. 52 Moreover, the exclusion of heavily damaged portions of the corpus callosum is conservative in the sense that it is likely to reduce our ability to detect abnormalities in MS and correlations with disability scores.
A second limitation is that the healthy volunteers were generally younger than the MS participants. Although we included age as a covariate in our regression analyses, the effect of age might be even more complex than is accounted for in our models. In addition, the study was performed over an extended period of time, and scanner hardware and software changes during that period could have impacted our results (although regression analysis did not detect any such effects in our data). Finally, despite our application of a Bonferroni correction in adjudicating statistical significance, the potential for false discovery induced by multiple comparisons remains. Therefore, prospective studies would be necessary to assess the true significance, and clinical relevance, of the abnormalities and correlations reported here.
Conclusion
Quantitative MRI abnormalities in the corpus callosum, especially the portions outside T2 lesions, partially account for cognitive and upper-extremity dysfunction in MS. Since cognitive disability is particularly difficult to measure at the bedside, and since cognitive and non-cognitive disability may proceed at different rates, the ability to associate cognitive impairment with imaging data may ultimately be useful for monitoring patients and assessing response to therapy in clinical trials. Future studies will address whether quantitative MRI indices in the corpus callosum can predict future cognitive disability in a clinically useful fashion.
